Forbidden penta-peptides TAMIR TULLER, 1 BENNY CHOR, 1 AND NATHAN NELSON Proteins, consisting of amino acid (AA) sequences, are the building blocks of all living cells and organisms. A great deal of work has addressed the effect of existing AA sequences on the spatial arrangements and conformation of proteins (Krogh et al. 1994; Abe and Mamitsuka 1997; Durbin et al. 1998; Bystroff et al. 2000; Eddy 2004) . But what about nonexisting AA sequences? A simple counting argument shows that, out of the possible AA sequences of length 100 (20 100 sequences), only a negligible fraction can appear in the proteome. At the other extreme, all 400 possible sequences of two amino acids are present in the proteome. Consider, then, intermediate length sequences, for example, the 20 5 ¼ 3,200,000 AA sequences of length 5. A probabilistic argument shows that sequences composed of frequently used AAs are expected to be present in many of the known proteomes. Herein, we show that thousands of penta-peptides do not appear in any known proteome. Moreover, an analysis of several genomes reveals that these penta-petides are not encoded by expressed genes, but DNA sequences encoding the pentapeptides are nevertheless present in the non-coding genomic regions. This observation suggests a strong editing process that prevents these peptides from being expressed. We have termed such AA sequences ''forbidden pentapeptides.'' Biological processes such as conformation of a protein (Ramachandran and Sasisekharan 1968; Kotelchuck et al. 1969; Chou and Fasman 1974; Chothia et al. 1981; Blaber et al. 1993) , signaling within the cell (ProchnickaChalufour et al. 1991; Pouysségur 2000; Zhang and Xiong 2001; Neduva et al. 2005) , and recognition of materials (Szuromi 2005) are often mediated by relatively short peptide sequences. Do forbidden penta-peptides also have similarly important roles in shaping the conformation of proteins?
We examined 368 organisms from the bacteria, archaea, and eukaryote kingdoms, for which both genome and proteome information is currently available. Our analysis is aimed at understanding this set of forbidden penta-peptides and at defining initial ''grammar'' rules for it. We also show that the characteristics of these forbidden penta-peptides vary among different phylogenetic groups (e.g., eukaryotes, prokaryotes, and archaea).
Many bioinformatic investigations have explored the sequences of amino acids in proteins (see, for example, Gavel and Heijne 1992; Echols et al. 2002; Qi et al. 2004; White and Heijne 2004; Otaki et al. 2005; White and Heijne 2005; Ulitsky et al. 2006; Hampikian and Andersen 2007) , or have attempted to model proteins by various probability models (Krogh et al. 1994; Abe and Mamitsuka 1997; Durbin et al. 1998; Bystroff et al. 2000; Eddy 2004 ). Otaki and colleagues 1 (Otaki et al. 2005 ) have examined the space of ''missing'' AA sequences and have discovered the missing penta-peptides. Their analysis, however, did not take into account the non-coding parts of the genome. They scored missing sequences solely on the basis of amino acid frequencies in all proteomes, with corresponding effects assigned to the biological significance of the sequences they reported (see Supplemental material). A systematic, exhaustive study of missing DNA k-mers was recently carried out by Hampikian and Andersen (2007) . 
Preliminaries and definitions
A ''missing'' sequence, relative to a specific set of proteomes, is one that does not appear as a subsequence in the set. This condition by itself is not always meaningful, so we apply additional considerations and criteria to determine when a missing AA sequence is significant.
It is clear that, to be of interest, the length of the missing sequence, k, should be as short as possible, while the total length of the proteomes, ' p , should be as large as possible. Hence for ' p we take the combined length of all specified proteomes, while we assign k ¼ 5, simply because every possible quartet of amino acids does appear in the proteomes analyzed.
A k-mer may be absent from a set of proteomes either by chance or for biological reasons. We wanted to identify sequences that are missing due to the latter possibility. We used two filters (i.e., corresponding Pvalues) for identifying such sequences.
First, we assume that random changes at the DNA level are generated in both the coding and the non-coding regions by similar processes. Consequently, under similar evolutionary pressures, amino acid sequences appearing frequently in the non-coding regions would be expected to appear with similar frequencies in the coding regions. The encoding of a missing sequence (by the standard genetic code) may actually appear many times in the ''non-coding'' regions of one or more organisms.
Throughout this paper, we will refer to peptides ''encoded'' by DNA sequences present in non-coding regions of the genome as ''virtual peptides'' or ''vpeptides.'' The frequent occurrence of such v-peptides in non-coding regions, together with their absence from coding regions, suggests the presence of an editing selection that eliminates them from coding regions. We identified short v-peptides by considering all DNA sequences of 15 nucleotide bases in length (corresponding to five codons) in the non-coding regions (taking all six reading frames into account).
Second, short AA sequences consisting mainly of ''rare'' amino acids are a priori much more likely to be missing. To prevent bias and to filter out such peptides, we took the cellular abundance of amino acids in the proteome into account: A missing sequence containing frequent AAs is assigned a higher significance (lower P-value) than a missing sequence containing rare AAs.
We associated two P-values with each missing sequence. The first P-value, denoted ''non-coding P-value,'' is determined by the number of occurrences of each v-peptide in the non-coding regions and the density of coding regions in the genome. The second P-value, the ''background Pvalue,'' is determined by the frequencies of the AAs in the entire proteome (this is also known as the ''background frequency'') and by the length of the proteome. For a given density of the coding regions, the non-coding P-value is smaller (more significant) when the number of occurrences of the v-peptide is higher.
3 For a given proteome length, the background P-value of a given penta-peptide is smaller (more significant) when the frequencies of its amino acids are higher. The exact formulas of each P-value appear in the Materials and Methods section; more details and examples of the P-values appear in the Supplemental Materials and Methods.
We studied all the organisms whose complete genomes and proteomes were known as of May 2006. They contain 368 organisms (27 archaea, 28 eukaryotes, and 313 prokaryotes). The total length of these 368 genomes is 2.05Á10 10 base pairs (bp), while the total length of their annotated proteomes is 6.39Á10 8 amino acids. Our study focuses on missing sequences of length k ¼ 5, since there are no missing peptide sequences of 4 amino acids. Details about the specifications of the database appear in the Materials and Methods and in the Supplemental Materials and Methods sections.
1 All penta-peptides that were reported as missing in the work of Otaki and colleagues do appear in our database, which is more up-to-date (and more than four times larger than the data set Otaki and colleagues used) (Otaki et al. 2005) . 2 Hampikian and Andersen mainly describe a method for fast calculation of k-mers that do not appear in a set of proteins. They do not deal with the statistical significance of such k-mer nor do they research the features of such sequences (Hampikian and Andersen 2007) .
Given a sequence of AAs that is missing from the proteomes of a set of species, we call forbidden with respect to these species if both P-values are significant (P-values < 0.05, after FDR correction for multiple testing); (Benjamini and Yekutieli 2001) . A peptide is called universally forbidden if it is forbidden with respect to all species (whose genome and proteome are known). A specific penta-peptide may be missing from the proteomes of all 368 organisms, yet it may not be forbidden, either because the peptide consists mainly of rare amino acids or because it is encoded infrequently as a v-peptide in the non-coding regions of the 368 genomes. These phenomena will cause one log P-value (or both) to be above the 0.05 threshold, thus making it a nonuniversally forbidden peptide. Suppose B and C are groups of species and B is a proper subset of C. Due to different background frequencies of AAs in B and C proteomes, abundance of v-peptides in the non-coding parts of B and C proteomes, and other related factors such as proteome lengths and density of coding regions, a peptide may be forbidden with respect to B but not with respect to C, or vice versa.
Results
Considering all 368 proteomes in our data set, we identified 8084 missing amino acid sequences of length 5 (''missing penta-peptides''). Out of those, 5000 are classified as universally forbidden. When the total length of all proteomes, ' p ¼ 6.4Á10 8 , and the AA abundance are taken into account, the most significant forbidden pentapeptides are actually expected to appear ;19 times in a random proteome of that length. When taking into account the lengths of the proteome, the genome, and the number of times a forbidden v-penta-peptide is encoded in the non-coding regions, the most significant forbidden peptides are expected to appear ;56 times in a random proteome of length ' p . 4 We analyzed the sets of missing and forbidden pentapeptides in nine major phylogenetic groups. These include all organisms, archaea, bacteria, eukaryotes, plants and fungi, animals, insects, vertebrates, and mammals. For each group, Figure 1A gives the number of missing penta-peptides, the number of forbidden pentapeptides with respect to the group, and the number of forbidden penta-peptides that are present in a sibling phylogenetic group (the sibling groups are described by the tree in Fig. 1C ). For example, there are 2862 pentapeptides that are forbidden with respect to eukaryotes and are present both in bacteria and in archaea. Note that archaea do not share any forbidden sequences with bacteria and eukaryotes. All the forbidden penta-peptides with respect to archaea are present either in eukaryotes or in bacteria. Likewise, no universally forbidden pentapeptide is also forbidden with respect to archaea (even though it is of course missing in archea). The main reason is the short proteome of archaea in our data set (few sequenced organisms, with short proteomes) and, to a lesser extent, the different AAs frequencies in it, caused presumably by their extreme living condition. This typically causes the background P-value to be insignificant.
For example, the two universally forbidden pentapeptides with the pair of most significant P-values are WCFNL and FFMCT. But with respect to the short proteome and genome of archea, WCFNL has log background P-value À0.13 (log non-coding P-value, À6.4, nine v-peptides occurrences), while FFMCT has log background P-value À0.34 (log non-coding P-value, À2.1, three v-peptides occurrences).
The distribution of the two log P-values for the forbidden penta-peptides with respect to each of the phylogenetic groups is described in Figure 1B . Numerous penta-peptides with significant P-values with respect to each phylogenetic group were identified. Table 1A lists the 12 most significant universally forbidden penta-peptides by the two measures. All have log non-coding P-values smaller than or equal to À31, and log background P-values smaller than or equal to À6.7. Their respective v-peptides are encoded >1450 times in the non-coding regions. As a specific example, the first sequence, WCFNL, is coded for 3639 times in the non-coding regions of all 368 organisms. We remark that the order and structure of the peptide are important. Consequently, shuffling the AAs of a universally forbidden penta-peptide (e.g., WCFNL or FFMCT) may yield a penta-peptide that is present in one or more species (e.g., LWCFN or FMCTF, respectively).
5
These highly significant universally forbidden pentapeptides can often be explained by their biochemical properties. For example, the forbidden penta-peptide WCFNL includes tryptophan, the largest AA, which is very bulky, hydrophobic, and with a large aromatic group; cysteine, which can generate disulfide bonds, and is hydrophobic; phenylalanine, a very large amino acid, Figure 1 . (A) Distributions of missing and forbidden penta-peptides with respect to phylogenetic groups. For each group we present the total number of organisms, the total length of the proteomes, the number of missing penta-peptides, the number of forbidden penta-peptides, and the number of forbidden penta-peptides that are present in a sibling phylogentic group. (B) Distributions of forbidden penta-peptides for each phylogenetic group, split according to three ranges of log P-values (nine major squares). The partition of each major square to nine subsquares (a subsquare for each of the phylogenetic groups) is according to the legend on the left. (C) A tree that describes the nine phylogenetic groups. Two phylogenetic groups with a common ancestor in the tree are called ''sibling groups'' (e.g., the Insects and the Vertebrates). The group ''non-mammals'' includes the organisms in our data set that are vertebrate but not mammals (two fish and a bird), so it is not monophyletic.
hydrophobic, and with a large aromatic group; asparagine, a hydrophilic residue, usually appearing on the surface of the protein, and leucine, a hydrophobic, branched-chain amino acid.
Since the amino acids W (position 1), C (position 2), F (position 3), and L (position 5) are hydrophobic, they tend to force this penta-peptide toward the inward side of a protein. However, two of the amino acids, W and F (positions 1 and 3), are bulky, while a third, N, is hydrophilic (position 4). These mutual forces may disrupt the folding of the protein. Furthermore, the cysteine can generate false S-S disulfide bonds, and they, too, may disrupt the folding of the protein. Some of forbidden penta-peptides from Table 1A have similar contradictory properties, and most of them (11 out of 12) include both hydrophobic and hydrophilic amino acids.
One possible explanation for the effect of these proteins containing AAs with contradictory properties is that they negatively affect folding. To explore this possibility, we replaced random penta-peptides with forbidden ones and analyzed the resulting proteins using the FoldIndex program (Prilusky et al. 2005 ). This program predicts whether proteins are intrinsically unfolded. Our analysis of several proteins by this program resulted in the observation that the forbidden sequences extended the folded part of the protein on the expense of the unfolded regions. Replacing penta-peptides by forbidden ones enhanced protein folding irrespectively of Table 1 . List of universal forbidden penta-peptides with the most significant P-values and the distribution of amino acids in forbidden penta-peptides (A) Universal forbidden penta-peptides with two low P-values (non-coding log P-value < À31, and background log P-value < À6.9). Note that all these sequences contain ''C'' (Cystetine). We noticed that, in universally forbidden penta-peptides, the amino acids cysteine and tryptophan prevail. This may be due to the reactivity of cysteine residues and the bulkiness of the tryptophan side chains. Surprisingly, sequences of five consecutive cysteines or five consecutive tryptophans are present in several existing proteins. This may be explained by the fact that five hydrophobic amino acids (such as cysteine or tryptophan), without interleaved hydrophilic amino acids, do not have the mutually contradicting forces described in the example above, and can reside in the inward side of a protein.
There are only 21 universally forbidden penta-peptides (out of 5000) that contain neither cysteine nor tryptophan (see Supplemental Table S1 ).
There are no universally missing penta-peptides shorter than 5 amino acids. However, there are motifs of length 3 and 4 that are common to many universally forbidden penta-peptides. Supplemental Tables S2 and S3 list the most frequent motifs of length 4 and 3 that appear in the universal forbidden penta-peptides. For example, the motifs YMWC, WCMI, and MWMC appear 11, 11, and 10 times, respectively, in the universally forbidden pentapeptides, while the motifs CMW, MWC, and MCW appear 97, 90, and 89 times, respectively. These motifs can be used for formulating composite ''forbidden grammatical'' rules. For example, the motive YMWC determines a universally forbidden penta-peptide if and only if it appears right after the amino acids R, D, Q, L, S, or V or before the amino acids K, P, S, V, or R. The Supplemental material details more such examples. Table 1B describes the distribution of the 20 amino acids in each position of the universally forbidden pentapeptides, and in the background distribution of amino acids in all the proteomes. We noted that the distributions at different positions are usually similar, but not identical. However, sometimes the differences between positions are significant. The most striking example is the amino acid alanine (A). The frequency of A at the fourth position of the universally forbidden penta-peptides is 0.0138, more than twice the frequency of this amino acid in the first position, 0.0072 (Student's t-test, P-value <10 À3 ). This suggests that the location of selected amino acids in a forbidden penta-peptide is important.
Next, we compared the frequencies of different pairs of amino acids (not necessarily adjacent or order preserving) in the same universally forbidden penta-peptide (Supplemental Tables S4 and S5 ). We noticed that some amino acid pairs never appear in any forbidden penta-peptide (AL, RG, AG, GL, LL, GS, LS, SS, LV, and AA). Thus, it is very easy to ''neutralize'' a forbidden sequence by a simple single amino acid substitution to leucine, alanine, or glycine residues.
Comparing archaea, bacteria, and eukarya
When separately considering the known proteomes of bacteria, archaea, and eukarya, we find much larger sets of missing and forbidden penta-peptides relative to these classes. This also applies to large subgroups such as mammals, insects, plants and fungi, vertebrates, and animals (see Fig. 1 ). For example, there are 58,936, 864,866, and 28,602 missing penta-peptides in bacteria, archaea, and eukaryota, correspondingly. Of those, only 22,537, 34,917, and 22,217, correspondingly, are forbidden penta-peptides with respect to their kingdoms that are also missing in the two other kingdoms (but not necessarily forbidden with respect to these other kingdoms).
The frequencies of amino acids in the penta-peptides forbidden with respect to bacteria and eukarya are quite similar. In contrast, the forbidden penta-peptides in archaea have a fairly different distribution (see Fig. 2 ). The background distributions of amino acids in the proteomes of the three kingdoms are very similar (with bacteria and archaea being most closely related). Interestingly, the distribution of amino acids in the pentapeptides that are forbidden with respect to archaea is closer to the background distributions than the distributions in the penta-peptides that are forbidden with respect to bacteria or eukaryota. The distributions of AA in the forbidden penta-peptides with respect to bacteria and with respect to eukaryotes are similar, and are both very different from either the background distributions or the distribution in archaea. This difference in amino acid distribution can possibly be explained by the extreme living conditions of most archaea (very high temperatures, extreme pH levels, high pressure, etc.) (DeLong 1998) . Under such conditions, many properties of proteins change. As a result, the nature of forbidden pentapeptides is also likely to change. Most scientists believe that the ancestor of the eukarya's mitochondria was a proteobacteria (Alberts et al. 2002; Margulis et al. 2006 ). The mitochondrial genes and up to 30% of the nuclear genes in eukarya are of bacterial origin (Alberts et al. 2002) . The common origin of such genes in bacteria and eukarya can also explain the relatively similar distributions of forbidden penta-peptides. This theory is also supported by the large number of common forbidden penta-peptides with respect to bacteria and with respect to eukarya (18,499 of the forbidden penta-peptides with respect to bacteria are also forbidden with respect to eukaryota; 19,355 of the forbidden penta-peptides with respect to eukaryota are also forbidden with respect to bacteria). On the other hand, archaea do not share any forbidden penta-peptides with bacteria or eukaryota, as pointed out earlier.
Forbidden penta-peptides with respect to different phylogenetic subgroups
The forbidden penta-peptides were also analyzed in the same nine large groups of organisms that appear in Figure  1A . A detailed analysis of each group appears in the Supplemental material. We noted differences in the characteristics of the forbidden penta-peptides for the different groups. Excluding the archaea, the KullbackLeibler distances between the amino acids distributions in forbidden penta-peptides of recent sibling subgroups, insects and vertebrates, are larger than more ancient sibling groups such as bacteria vs. eukarya, or animals vs. plants and fungi (Fig. 3) , even though the divergence time between pairs of such subgroups is shorter. This pattern stands in contrast to the background amino acid distribution of the same groups. It may be related to more specific and targeted physiological constraints that shape the characteristics of forbidden penta-peptides in more recent sibling subgroups. 
Discussion
The existence of forbidden penta-peptides is a basic biological phenomenon that does not follow from simple probability arguments. Furthermore, the encoding of many of these forbidden penta-peptides appears thousands of times in non-coding regions. Some pentapeptides are ''universally'' forbidden, while others are ''specific'' to groups of organisms. They may be shaped by the nature and the living environment of different organisms. Like DNA base composition, codon bias, and abundance of amino acids, the existence of forbidden penta-peptides is a consequence of a long evolutionary process. Therefore, it is unlikely that mutations in the DNA to introduce forbidden penta-peptide in a neutral site of certain protein will result in a detectable phenotype. Site-directed mutagenesis in numerous proteins also resulted in silent phenotypes under laboratory conditions but failed to compete at natural environment (Nelson 1992) .
The universal forbidden penta-peptides are likely to be determined by structural constraints in protein folding. There are numerous examples where substitution of a single amino acid causes a large-scale disruption of the protein folding and/or stability (Nelson 1992) . We propose that, in the case of specific groups of organisms, specialized physiological constraints govern the phenomenon of forbidden sequences. Forbidden penta-peptides provide possibly the simplest grammatical constraint on proteins and can be used for inferring higher level grammatical constraints. They may also serve as a general genetic engineering tool and in particular as an auxiliary device to deal with difficult-to-crystallize proteins. This manuscript suggests a few immediate challenges: inferring more compact but still statistically significant grammatical constraint of proteins; comprehending the evolutionary differences in forbidden pentapeptides for different groups of organisms and their origins; and understanding the biochemical nature of the forbidden penta-peptides described here.
We believe that the last challenge is not a trivial task due to the following reasons: First, there are thousands of forbidden-penta peptides, thus a biological verification (by introducing them into the proteins of a model organism) of them all is not trivial. Second, the current software that simulates folding of proteins do not seem to help since these computer programs are designed for finding common protein structures (e.g., a-helixes, bsheets, etc.) sometimes based on the structures of homologous sequence search. Even if we introduce forbidden penta-peptides in the proteins sequence, the outcome of the packages does not change much. Finally, since the length of the forbidden-penta peptides is relatively short, we do not expect that the damaging effect of introducing such penta-peptides in a protein will be discovered easily. However, nature is very sensitive, and these pentapeptides may be filtered out after few generations by purifying selection.
Materials and Methods

Data sets
Most of the genomes and proteomes we analyzed are either from NCBI 6 or the UCSC 7 genome browser, some are from the TIGER 8 and the FUGU 9 genome projects. Sections 1.6 and 1.7 in the Supplemental Materials and Methods include details about the source, proteome length, and genome length of each organism.
The two P-values
Let Pr b mis sin g(a),h denote the probability that an amino acid sequence of length 5, a, is missing in a ''proteome'' of size h. We estimate Pr b mis sin g(a),h by repeatedly generating at random, according to the background probabilities, ''proteomes'' of size h = lp 1000 . Specifically, we repeated this experiment 10,000 times. (Cover and Thomas 1991) between the amino acid distributions across the edge; the dashed lines denote the symmetric Kullback-Leibler distances between the background distribution of amino acids. Chi-square test of all the distributions (background and in forbidden penta-peptides) gives very significant results, all log P-values >À16. This supports the hypothesis that all the distributions are different. The estimated time from the divergence of each pair of sibling groups appears on the right.
We use the frequency in which these shorter proteomes had a missing, (Pr b mis sin g(a),h ) lp/h , as an estimate of the background P-value (i.e., the probability that a is missing in a proteome of size l p ). Sections 1.1.1 and 1.1.2 in the Supplemental Materials and Methods include more details and explanations about the background P-value.
Suppose a is coded for n a times in all the six reading frames along the genome (and considering all different coding sequences) of a genome of length l g . Suppose the total length of all coded proteins, measured in amino acids, is l g . This corresponds to 3Ál g length on the genome. The overall fraction of coding to non-coding regions is, thus, q = 3Álp 2Álg , where the 2 in the denominator accounts for the two strands in the genome. Under our assumption, the probability that a given occurrence does not fall within the coding regions equals 1 À q. The probability that none of n a occurrences fall within the coding regions is denoted by Pr non-coding(a) and equals Pr nonÀcodingðaÞ = ð1 À qÞ na . We call this the ''non-coding'' P-value of a. This probability decreases when n a is larger and when q is larger. Section 1.1.3 in the Supplemental Materials and Methods includes more details and explanations about the non-coding P-value.
Statistical analysis and distance between probability distributions
We used standard FDR correction for multiple testing (Benjamini and Yekutieli 2001) for correcting the two P-values. Kullback-Leibler distance (Cover and Thomas 1991) and Chisquare were used to compare the background distribution and the distribution of amino acids in the forbidden sequences of different groups of organisms. Sections 1.2, 1.3, and 1.4 in the Supplemental Materials and Methods include more details about the FDR correction, Kullback-Leibler distance, and the Chisquare test, respectively.
